A blind joint parametric channel estimation and noncoherent data detection algorithm is proposed for the downlink of an orthogonal-frequency-division-multiplexing code-division-multiple-access (OFDM-CDMA) system with multiple-input-multiple-output (MIMO) antenna arrays. To reduce the computational complexity, we first develop a tree-structured algorithm to estimate high dimensional parameters predominantly describing the involved multipath channels by employing several stages of low dimensional parameter estimation algorithms. In the tree structure, to exploit the space-time distribution of the receive multipath signals, spatial beamformers and spectral filters are adopted for clusteredmultipath grouping and path isolation. In conjunction with the multiple access interference (MAI) suppression techniques, the proposed tree architecture algorithm jointly estimates the direction of arrivals, propagation delays, carrier frequency offsets and fading amplitudes of the downlink wireless channels in a MIMO OFDM-CDMA system. With the outputs of the tree architecture, the signals of interest can then be naturally detected with a path-wise maximum ratio combining scheme.
Introduction
Orthogonal-frequency-division-multiplexing (OFDM) scheme has received significant attention in recent years due to its superior capability in coping with inter-symbolinterference (ISI) and its promising bandwidth efficiency. As a consequence, the OFDM scheme has been adopted in several broadband wireless local area network (WLAN) standards such as IEEE 802.11a/g and European HIPER-LAN/2 [1] , [2] . Additionally, with antenna arrays deployed at both the transmitter and the receiver, an OFDM scheme can be extended into a multiple-input-multipleoutput OFDM (MIMO-OFDM) scheme, which helps further boost the channel capacity by a factor linearly proportional to the number of antenna elements [3] . On the other hand, to incorporate frequency diversity for each user, and to mitigate the inter-cell interference among neighboring cells in a low-reuse-factor network, the code-division-multipleaccess (CDMA) technique can effectively play an important role. Hence, the MIMO OFDM-CDMA scheme is considered a outstanding candidate for the fourth generation (4G) broadband mobile wireless communication systems [4] . The performance of the data detector in a MIMO OFDM-CDMA system receiver relies heavily on the accuracy of the channel state information (CSI) estimates. In a wireless channel, radio signals are often characterized by multipath propagation. Due to signal reflection and diffraction from terrestrial objects, and mobility of channel environments, a multipath channel can be parameterized by slow-varying propagation directions and time delays, and fast-varying fading amplitudes of multipaths. Furthermore, carrier frequency offset between the transmitter and the receiver gives rise to extra channel distortions and renders inter-carrier-interferences (ICIs) among the subcarriers of the OFDM signal. All of the above factors contribute to the evolution of the receive signals going through the wireless channel and hence substantially affect the data detection at the receiver. Therefore, accurate estimation and compensation of these channel effects are important to the performance of a MIMO OFDM-CDMA system.
To identify a multipath channel, various algorithms have been reported in the literature to estimate the spacetime parameters [5] - [9] by using different statistics of the wireless channel. Among them, Ottersten et al. [5] develop a series of near-far resistant maximum likelihood (ML) and MUSIC-based algorithms [6] to estimate the path propagation delays; Chang et al. [7] utilize the Root-MUSIC and some modified mean square error (MSE) methods, in which a preamble is sent periodically from the transmitter, to jointly estimate the path delays and carrier phases of the wireless channel; Vanderveen et al. [8] introduce the JADE algorithm, an extension of two dimensional (2-D) subspace fitting algorithms, for DOA-delay joint estimation; and Wang et al. [9] present a low complexity algorithm to iteratively estimate DOAs and delays of a multipath channel with the help of a training sequence. On the other hand, several other algorithms have been developed to address the problems of frequency offset estimation and its correction [10] , [11] : Tureli et al. [10] apply the ESPRIT algorithm to an OFDM system for the purpose; and Van de Beek et al. [11] develop an ML-based algorithm to simultaneously estimate frequency offset and symbol arrival time.
To mitigate the computational burden of processing high-dimensional space-time signals produced in a wireless MIMO OFDM-CDMA system, in this paper, we propose an algorithm for blind joint channel parameter estimation and signal detection for the downlink of an OFDM-CDMA system with MIMO wireless channels using antenna arrays. The algorithm is blind in a sense that the only information known to each mobile receiver is its own spreading code. A space-time-space-frequency (STSF) hierarchical tree-structured algorithm is first developed to blindly and jointly estimate the directions of arrival (DOAs), the time delays and the frequency offset of the multipaths by sequentially applying low-complexity low-dimensional parameter estimation algorithms, e.g., MUSIC. Exploiting the spacetime geometric distribution of wireless channels, the STSF algorithm combines two 1-D and one 2-D parameter estimation algorithms with the spatial beamforming and the spectral filtering techniques to group multipaths, to suppress MAI, and to isolate each received signal path. With this, the proposed algorithm successively estimates the DOAs, the delays and the carrier frequency offset in the MIMO-OFDM-CDMA system, and automatically pairs the DOA estimates and the delay estimates. Two MAI suppression techniques, the unconstrained complementary orthogonal projecting (COP) and the constrained minimum variance distortionless response (MVDR) filtering are considered to facilitate the spectral filtering processes. As a result, the STSF-COP and the STSF-MVDR algorithms are developed.
The rest of this paper is organized as follows. Section 2 introduces the parametric model for a downlink MIMO OFDM-CDMA system with multipath fading channels. Section 3 describes the proposed STSF algorithm for DOA, delay, frequency-offset, and fading amplitude joint estimation, and the corresponding PMRC approaches for data detection. Section 4 conducts simulations to compare the performance between the proposed algorithms and other existing algorithms, in terms of root mean square error (RMSE) and bit error rate (BER). Fig. 1 illustrates the schematic of a downlink MIMO OFDM-CDMA system. The base station employes M T transmit antennas each transmitting U data streams re- spectively for U users. Each data symbol is modulated by a spreading sequence of length N over the frequency domain. Hence, the nth tone of the ith OFDM symbol of the uth user sent by the mth transmit antenna can be expressed as
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where d m,u (i) denotes the ith data symbol of the uth user transmitted from the mth transmit antenna, and s m,u [n]
is the spreading sequence of that user. An N-point inverse fast Fourier transformation (IFFT) is then applied to the OFDM symbol. The kth temporal chip of the transformation is
where W N = e j2π/N , and
. In order to cope with the intersymbol-interference (ISI) caused by multipath propagation in the wireless channel, a cyclic prefix is added at the beginning of each OFDM symbol. Assuming that the overall channel delay spread, including the maximum delay spread of multipaths plus the delay spread of the transceiving filters is less than ν-temporal-chip long, we set the length of the prefix at ν chips. The temporal chips of a resultant OFDM symbol are thus given as
Modulated with the pulse-shaping waveform g (t) , the baseband signal transmitted by the mth antenna can then be expressed as
where N = N +ν represents the length of an OFDM symbol, and T is the temporal chip duration. Due to multipath propagation, signals experience fading effects, delay spreads and angle spreads when passing through a wireless channel. Specifically, the scattered signals usually arrive at the receiver in clusters with signals in a cluster having closeby DOAs and/or delays. In this paper, we refer to those multipaths with close-by DOAs as a group. Suppose that P incoming multipaths distributed in W groups arrive at the receiver of the lth user. The complex baseband equivalent representation of the receive signals can be expressed as
where r(w) represents the number of multipaths within the wth group; β w,p,m (t) = β w,p (t) · a T,m θ T,w,p denotes the composite fading amplitude in which a T,m θ T,w,p represents the mth entry of the transmit antenna array signature corresponding to the direction of departure (DOD), θ T,w,p ; f is the carrier frequency offset due to the oscillator frequency difference between the transmitter and the receiver. In (5), a R θ R,w,p is the corresponding receive array response for a path arriving from the DOA, θ R,w,p ; τ w,p are the path delays, and the fading amplitude β w,p (t) is a complex zeromean Gaussian random process including both the propagation loss and the signal variation in time caused by the Doppler spread. Also in (5), n (t) is additive temporally-andspatially-white Gaussian noise (AWGN) with its covariance matrix given as
where σ 2 n denotes the noise power, and δ i, j is the Kronecker delta. Substituting (4) into (5) yields
In general, especially in the indoor wireless communication environment [12] , the fading amplitudes vary much faster than the other channel parameters, such as the DOAs and the delays of multipaths. If we assume the fading amplitudes are constants within a period of Q symbols, then we may assume the DOAs and the delays are constants for η · Q symbol periods, where η 1. Using (2) and (3), after chip-rate sampling and removing the cyclic prefix, the discrete-time representation of the ith OFDM symbol can be expressed as
where
being the N-point samples of g t − τ w,p ; operator denotes the element-wise matrix product operation;
with f = If we define a row vectorg
T as the temporal signature matrix of the uth user transmitted from the mth transmit antenna, then (7) can be simplified into
It is shown from (8) that the DOA and the delay-plusfrequency-offset information are respectively in the column and the row spaces of X (i). With (8) , several parameter estimation algorithms, such as the MUSIC [6] , the ESPRIT [13] , and the SAGE [14] algorithms can be utilized for DOA estimation. As for blind delay estimation, the ESPRIT-based algorithm and the SAGE algorithm cannot work properly without the knowledge of the spreading sequences of all active users. In a downlink CDMA related scenario, lack of information on the total number of the active users and their corresponding spreading sequences renders only the MU-SIC algorithm applicable because 1) the MUSIC algorithm does not require the spreading sequences of all the users, and 2) the MUSIC algorithm is insensitive to signal subspace inflation. With this observation, we herein pick the MUSIC algorithm for parameter estimation in the proposed STSF algorithm.
In the rest of this paper, without loss of generality, we only consider the receiver of the first user; therefore, the superscript (·) (l) is dropped for notation simplicity. That is, we assume that the data symbols d m,1 (i) , spreaded by the spreading sequences of the first user, are the signals of interest. In addition, we neglect the noise term N (i) to further simplify the notation.
The Proposed Algorithms
The main idea behind the proposed algorithm is the grouping and isolation of the clustered multipaths in the wireless channel by distinguishing their respective spatial and temporal signatures. The S-MUSIC and the TF-MUSIC algorithms, respectively, defined as the MUSIC algorithm [6] applied in the space and the time-frequency domains, hence perform the functions of DOA estimation and delay-plusfrequency-offset joint estimation. In the following subsections, we first review these two algorithms and then introduce the STSF algorithm.
The S-MUSIC and the TF-MUSIC Algorithms
To exploit the signals inside the column space and the row space of X (i) in (8), we define the spatial and the timefrequency covariance matrices, respectively, as
and
where the superscript (·) * denotes the complex conjugate operation, the superscript (·)
H denotes the conjugate transpose operation, and R BB = E{
} denotes the covariance matrix of the multipath fading amplitudes with σ 2 w,p representing the variance of the multipath fading amplitude β w,p . We assume that the P paths fade independently. The eigendecomposition of R s and R tf can then be expressed as
The spatial signal subspace matrix V With this concept, the cost functions of the DOA and the delay-plus-frequency-offset estimation problems can be respectively defined as
H represent the projection matrices orthogonal to V s s and V tf s , respectively. The estimation of the DOAs can then be achieved by comprehensively searching θ in (13) over [−π, π] and choosing those ones corresponding to the P minima of ψ (θ) as the DOA estimates. Similar processes can be applied to φ (τ, f ) for delay-plus-frequency-offset estimation. In addition, the frequency-offset estimation range of the TF-MUSIC algorithm depends on the spectral period of
. With f = f T and
Note that summation in (14) is taken only over transmit antenna index m, not over the user index u, since only the spreading sequences of the first user, the user of interest, is known. Also note that the number of the eigenvectors required to form an appropriate signal subspace matrix can be decided with either the AIC or the MDL methods [15] , in which the signal subspace order is often overestimated. As mentioned earlier, an interesting feature of the MUSIC algorithm is that the dimension of the signal subspace can be inflated without affecting the algorithm performance much. With this feature, the MUSIC algorithm is also insensitive to the natural spreading of the signal subspace, particularly useful for scenarios with wireless channels of dispersive multipaths, due to DOA angular spreads and/or delay spreads. For simplicity, in the subsequent we assume that the number of eigen vectors for constructing the signal subspace matrix is known a priori.
The Proposed Algorithm
We next illustrate the main idea of the proposed algorithm with an intuitive example: As shown in the upper-left figure of Fig. 2(a) , we consider a three-multipath (or three-ray) channel. Each path carries information of four active users, respectively indexed from A to D. We assume user A to be the user of interest. Note that, since the frequency offsets of all the rays are equal in a downlink scenario, these rays are characterized by their DOA, delay coordinates on the space-time plane. The spatially close-by rays, ray 1 and ray 2, are treated as one group in the proposed tree-structured algorithm and ray 3 as another group. To identify each group in the space domain, we first apply the S-MUSIC algorithm to X (i) to obtain the group DOA estimatesθ 1 andθ 2 . We next separate the signals from different DOA groups. With the estimate of each group DOA, we employ a beamformer with its beam steered at a group DOA to isolate the signals contained in that group. For instance, the beamformer with its beam steered atθ 1 extracts the group signals of ray 1 and ray 2 from X (i). The output of that beamformer is denoted as X 1 (i) , as shown in the upper-right figure of Fig. 2(a) .
Although ray 1 and ray 2 are indistinguishable in the space domain; they can be separated in the time domain because of their distinct delays. We can thus apply the TF-MUSIC to X 1 (i) to obtain the path delays-plus-frequencyoffset estimates τ 1,1 , f and τ 1,2 , f . We next compensate the frequency offset by multiplying a factor e j2π f n to the nth time sample of X 1 (i). An N-point FFT is then applied to the row vectors of the compensated data matrices and the resultant frequency-domain signal is denoted as X 1 (i), shown in the lower-right figure of Fig. 2(a) . Based on the delay estimates, it is straightforward to extract the signals of each individual ray fromX 1 (i) in the frequency domain by applying an appropriate spectral filter toX 1 (i) . Note that the design of the spectral filter should also take care of MAI suppression inX 1 (i). The lower-left figure of Fig. 2(a) shows the spectral filtering process with respect to ray 1, where the output of the spectral filter is denoted as X 1,1,A (i), the subscript (·) A denotes that user A is the user of interest. Finally, making use of the single-ray nature of X 1,1,A (i), the S-MUSIC algorithm is again applied to X 1,1,A (i). A much more accurate DOA estimate of ray 1, θ 1,1 , is thus obtained and automatically paired with the ray's corresponding delay estimateτ 1,1 .
Similar processes can be carried out in a tree structure with respect to ray 2 and ray 3 as illustrated in Fig. 2(b) . All these procedures produce a set of parallel signals from X (i) for the desired user, X 1,1,A (i) , X 1,2,A (i) , and X 2,1,A (i). With these parallel signals available, fading amplitude estimation and signal detection become easily attainable as will be discussed in the next subsection. Now we are ready to extend the above example to a general scenario with more multipaths. Basically, the proposed STSF algorithm consists of four stages: 1) the first S-stage for spatial group separation in the space domain, 2) the T-stage for delay-plus-frequency-offset joint estimation, frequency offset compensation, MAI suppression and path isolation, 3) the second S-stage for DOA fine estimation in the space domain and pairing of the delay estimates and the DOA estimates, and 4) the F-stage for fading amplitude estimation and data detection in the frequency domain.
Spatial Group Separation
In the first S-stage of the STSF algorithm, we intend to estimate the spatial signatures of each group, and then to separate each group from the receive signal. To achieve this, we first apply the S-MUSIC to X (i) and obtain the average DOA estimates of all the groups, denoted asθ 1 , . . . ,θ W withθ w ≈ θ R,w,p ; p = 1, 2, · · · , r (w) . Based on these DOA estimates, the spatial group separation can be carried out through W spatial beamformers, each projecting the receive signals to the complementary orthogonal subspace of the space spanned by the group steering vectors except for that of the group of interest. For example, to construct the spatial beamformer for the wth group, we define the spatial selfexclusive matrix asĀ w = a R θ k k w . As an illustration, for the first group, the corresponding spatial self-exclusive matrix is given asĀ 1 = a R θ 2 , · · · , a R θ W . Accordingly, the spatial beamformer for the wth group can be expressed as
where (·) † denotes the Moore-Penrose pseudo inverse operation, andĀ ⊥ w denotes the complementary orthogonal projection (COP) matrix ofĀ w . Applying the spatial beamformer with respect to each group to X (i), the output of the wth spatial beamformer is
whereã R θ R,w,p = U s w · a R θ R,w,p denotes the projected steering vector within the wth group with ã R θ R,w,p of different p values being close to one another. Note that, in addition to the signals of the user of interest, X w (i) also contains signals intended for other unknown co-channel users which are referred to as the MAIs. The co-channel users are unknown in the sense that the spreading sequences of the MAIs are unknown to the user of interest. Therefore, MAI suppression is crucially important in the STSF algorithm. Since all the co-channel users possess the same spatial signatures, the MAIs can not possibly be eliminated in the space domain. However, the spreading sequences dedicated to the user of interest make the MAI suppression feasible in the time domain. In the T-stage of the STSF algorithm, the proposed approach suppresses the MAIs by using a spectral filter, as will be shown next.
Delay-Plus-Frequency-Offset Joint Estimation, MAI Suppression and Path Isolation
Taking over the outputs of the first S-stage, the T-stage aims at the goals of delay-plus-frequency-offset joint estimation, MAI suppression, and path isolation. The TF-MUSIC algorithm is first applied to X w (i) of each group for delayplus-frequency-offset joint estimation. The multipaths in a wireless channel are assumed to have either distinct DOAs or distinct delays or both, because multipaths with closeby DOAs and close-by delays are considered the same path. After the spatial grouping conducted in the previous S-stage, those multipath signals with distinct DOAs but with closeby delays are now in different spatial groups. That is, no multipath signals of close-by delays will appear in the same spatial group. Since the TF-MUSIC is applied to each spatial group separately, the close-by delays of the multipaths can be estimated independently and accurately without much mutual interference, which is impossible without the cooperation between the first S-stage and the T-stage. With the estimates τ w,p , f available, we can first compensate the frequency offset of each spatially-grouped signal bỹ
By applying an N-point
FFT to rows ofX w (i), the frequency domain representation of (17) can be represented as
whereW N represents the N-point FFT matrix, and v m,u τ w,p =W N ·g m,u τ w,p denotes the FFT ofg m,u τ w,p . According to the delay estimates, the STSF algorithm is now ready to eliminate the MAIs and isolate each individual path, either by a COP or by an MVDR isolation filter, as follows: The COP isolation filter can be described by the COP matrix of the spectral signature self-exclusive matrix V w,p,m , which is defined as
We then have the COP spectral filter constructed with V w,p,m as
By applying U f w,p,m toX w (i) , the spectral filter isolates the mth transmit antenna's transmit signal in the pth path from the signals of the wth group as
Simply projecting the signals of each group as described above, the COP isolation filters may suffer the MAI residue problem, the MAIs from 1) signals intend for different users from the same transmit antenna, and 2) different multipaths within the same spatial group of the same user, all of which seriously affect the performance of the succeeding signal detection. To mitigate the MAI residue problem, the MVDR isolation filter is utilized as an alternative way to replace the COP filters in the T-stage. The MVDR filters deployed in many signal processing applications [16] , seek to find an optimum weight vector so as to minimize both the interference and the noise at the filter outputs. To design an MVDR spectral filter for our purpose, we define the corresponding constraint matrix and response vector, respectively, as
The MVDR spectral filter w w,p,m can then be formulated as
where y w,p,m (i) =X w (i) · w * is the output of the spectral filter with weight vector w. We may readily solve (24) by using the constraint optimization method and obtain
where R w = E X T w ·X * w is the covariance matrix of signals from the wth group. The output of the MVDR spectral filters can thus be expressed as
3.2.3 DOA Fine Estimation and Delay-DOA Pairing From (21) or (26), it is apparent that the spectral filter output contains signals only from a single path. The S-MUSIC can be used again in the second S-stage to estimate the DOA of each path precisely. This is similar to the cases of delay estimation in the T-stage: With the cooperation between the T-stage and the second S-stage, DOA estimation for the multipaths which have distinct delays but close-by DOAs is made much easier and more accurate, since these multipaths have been separated with spectral filtering in the T-stage before the S-MUSIC is applied to each path separately.
In the second S-stage of the STSF algorithm, by applying the S-MUSIC to (21) or (26), the DOA estimates θ R,w,p can be obtained. Further, the DOA estimateθ R,w,p will be automatically paired with the delay estimateτ w,p estimated earlier in the T-stage. Notably, in implementing the S-MUSIC, due to the spatial beamforming implemented in the first S-stage, the S-MUSIC algorithm at this time uses a R (θ) as its spatial manifold when searching for the optimum θ. We refer to the STSF algorithm with the COP spectral filters as the STSF-COP algorithm, and the STSF algorithm with the MVDR spectral filters as the STSF-MVDR algorithm.
The Path-Wise Maximum Ratio Combining
By observing the output of the STSF algorithm, we notice that the signals from different transmit antennas for different users are all well separated in a blind approach. The STSF algorithm only expects to know the spreading sequences of the user of interest, assumed to be the first user in the algorithm described above. By exploiting the path structure inherent in the STSF algorithm, we next introduce a pathwise maximum ratio combiner (PMRC).
Before the PMRC, the composite path fading amplitudes must be determined first. To do so, for the STSF-COP algorithm, the COP filter output signal X w,p,m (i) in (21) is spatially matched and temporally despreaded to produce a scalar quantity, which can be expressed as
2 . For the STSF-MVDR algorithm, only spatial matching is applied to the output signal y w,p,m (i) in (26) to produce another scalar quantity, which can be expressed as
where · means the vector 2-norm. For avoiding redundancy, in the following text, we only describe a fading amplitude estimation processes for the STSF-MVDR, where a similar process is applicable to the STSF-COP as well. By stacking all the scalar quantities obtained from (28) for different multipaths, we havē
. With the ambiguity of a complex scaling factor α, the estimate of the fading vectorβ is obviously given as the largest eigenvector of the covariance matrix
Finally, let us identify the transmit signal for the user of interest. This is carried out through the PMRC by multiplyinĝ β back to (29) aŝ
Assume d m,1 (i) is M-PSK differentially modulated, the detection of the signal from the mth transmit antenna is then performed by
which produces a result consistent in phase with the ideal differential decoder output, d m,
In terms of the spectral filtering in the proposed algorithms, the main difference between the COP-based filter design and the MVDR-based one is that the former aims at only cancelling the inter-path interference (IPI) while the latter intends to maximize the signal-to-interference-plusnoise ratio (SINR) of the filter outputs. Consequently, the MVDR-based algorithms generally outperform the COPbased algorithms since the COP-based filter suffers more serious MAI residue problem. On the other hand, DOAs, delays, and frequency-offset of each multipath may not be perfectly estimated at the receiver. In that case, consistent with the spirit of minimizing filter output powers, the MVDRbased filters may cancel the signal of interest together with the MAIs. This self-cancelling effect degrades the performance of the MVDR-based algorithms, especially in seriously noise-contaminated environments where the parameter estimation algorithms cannot provide accurate estimates of DOAs, delays, and frequency-offset.
The overall procedure of the STSF algorithm is summarized as follows:
The STSF Algorithm
Step 1: S-stage DOA coarse estimation and spatial beamforming Apply the S-MUSIC algorithm to the receive signal (8) to estimate the average DOA of each spatial group and then use (15) and (16) for spatial beamforming.
Step 2: T-stage
Delay-plus-frequency-offset joint estimation Apply the TF-MUSIC algorithm separately to the signals from each spatial group for the delay-plusfrequency-offset joint estimation.
Frequency-offset compensation and FFT
Compensate the frequency offset with (17) and then apply the FFT to (17) to obtain (18) .
MAI suppression and path isolation
According to the delay estimates, apply (19) - (21) or (22)- (26) to respectively impose the COP or the MVDR filters on the signal from each separated spatial group.
Step 3: S-stage DOA fine estimation and DOA-delay pairing Apply the S-MUSIC algorithm again to (21) or (26) for DOA fine estimation of each isolated path. At the same time, pair each DOA estimate with its corresponding delay estimate.
Step 4: F-stage
Fading amplitude estimation and data detection Use (27)- (29) to further process the signal of each isolated path, and then estimate the fading amplitudes of the multipath channel from the dominant eigen-vector of (30). Finally, we may apply (31) and (32) to detect data for the user of interest.
Simulations and Discussions
In this section, computer simulations are conducted to evaluate the performance of the proposed algorithms. Consider a MIMO system with M T = 4, M R = 4, and with half wavelength spaced uniform linear array (ULA) at both the transmitter and the receiver. Differentially modulated BPSK data sequences, each spreaded with a Walsh Hadamard code sequence [17] of 32-bit long, N = 32, are transmitted over the channel. In addition, a cyclic prefix of ν = 4 temporal chips is inserted at the beginning of each OFDM symbol. We assume a Rayleigh-fading multipath channel with two groups of totally P = 3 paths seen at the receiver of the user of interest. The DOAs and the delays of the three paths are, respectively, θ = −20.3
• , −21.6 • , 26
• and τ = 0.8, 2.73, 0.586 T, where T = 50 ns is the chip period. The normalized carrier frequency offset between the transmitter and the receiver is δ = 0.12. Within the time span of our interest, we sample the receive signal at 10 separate data bursts each contains 50 OFDM symbols, i.e., η = 10, and Q = 50. The multipath fading amplitudes at different data bursts are assumed independently distributed (i.i.d.) with their average power normalized to 0 dB while keep constant during the time interval of each data burst. Five hundred Monte Carlo trials are carried out when the number of users carried by each transmit antenna is set U = 3.
Figrues 3-6 compare the performance among various algorithms. Among them, Figs. 3-5 compare the root-meansquare-errors (RMSE) of the channel parameters estimates between those provided by the STSF-based algorithms and those provided by the generalized JADE-MUSIC algorithm with 3-D searches [8] , referred to as the 3-D MUSIC algorithm. With high computational complexity in the high dimensional eigen decomposition, the 3-D MUSIC searches for the DOA-plus-delay-plus-frequency-offset estimates exhaustively within a 3-D parameter domain, and thus always have excellent performance in terms of the RMSE. Due to excellent MAI suppression capability, the STSF-MVDR suffers less RMSE in DOA estimation than that of the STSF-COP. Both algorithms have the same RMSE performance in the delay and the frequency offset estimation. In contrast, the 3D-MUSIC performs better in the delay and the frequency offset estimation than the STSF-based algorithms since the delay and the frequency offset estimation carried out in the STSF-based algorithms obtains no help from the MAI suppression process. As shown in Fig. 4 and Fig. 5 , the RMSE curves of the delay estimates and the frequency offset estimates are identical in both the STSF-COP and the STSF-MVDR, since the delay-plus-frequency-offset joint estimation is carried out in the T-stage of the STSF algorithm preceding to the MAI suppression process. By using the estimates obtained in Figs. 3-5, Fig. 6 compares the BERs of the STSF-COP, the STSF-MVDR, the space-time RAKE (ST-RAKE) [18] , and the ST-MMSE [19] algorithms. As the SNR increases, the STSF-MVDR algorithm performs roughly the same as the ST-MMSE algorithm, and has a 6-dB advantage over the STSF-COP algorithm.
To further verify the effectiveness of the proposed algorithm, instead of the above three-ray scenario, a regular WLAN channel model disclosed in [20] is adopted herein. We select the model B in [20] Figs. 7-9 . It is shown in the figures that the proposed algorithm has an estimation error comparable to that of the 3D-MUSIC algorithms for channel parameter estimation. With the estimates obtained in Figs. 7-9 , comparisons of the BER performance of various algorithms is illustrated in Fig. 10 . The STSF-MVDR algorithm again outperforms the STSF-COP algorithm and the ST-RAKE algorithm, and performs similarly to the ST-MMSE algorithm.
We now turn to the algorithm complexity issue: Compared to the 3-D MUSIC algorithm and the ST-MMSE 3 , due to its tree structure in conjunction with several low dimensional parameter estimation algorithms.
Conclusions
In this paper, several blind algorithms are proposed for joint channel parameter estimation and data detection for wireless down-link MIMO OFDM-CDMA systems. Signals received at the antenna array are pathwisely separated and isolated according to their DOA-delay values, and then a proposed PMRC is applied to extract the data. In the estimation of path DOAs, path delays, and frequency offset, as compared to the 3-D MUSIC algorithm, the STSF-based algorithms maintain similar and sometimes even lower RMSE of the estimates while enjoying substantially less computational complexity. In the data detection part, with excellent capability in MAI suppression, the STSF-MVDR algorithm generally performs better than the STSF-COP algorithm and the conventional ST-RAKE algorithm in terms of BER.
